background. Infants in the neonatal intensive care unit (NICU) are at increased risk for methicillin-resistant Staphylococcus aureus (MRSA) acquisition. Outbreaks may be difficult to identify due in part to limitations in current molecular genotyping available in clinical practice. Comparison of genome-wide single nucleotide polymorphisms (SNPs) may identify epidemiologically distinct isolates among a population sample that appears homogenous when evaluated using conventional typing methods.
Methicillin-resistant Staphylococcus aureus (MRSA) is a leading cause of healthcare-associated infections (HAIs), significantly contributing to morbidity and mortality of hospitalized patients. Infants in the neonatal intensive care unit (NICU) are at increased risk for infection and colonization with MRSA, often resulting in poor outcomes and long-term sequelae. 1 MRSA in the NICU may be acquired from colonized parents, healthcare workers (HCWs), and other neonates. 2, 3 The CDC estimates that~50% of MRSA infections for patients 3-89 days old are hospital-onset cases. 4 Community reservoirs have been implicated in the introduction of MRSA into NICUs by increasing colonization prevalence among patients and visitors. 5 However, identifying reservoirs and tracking the source of implicated strains has proven difficult, resulting in the persistence of transmission despite aggressive control measures. [6] [7] [8] Limitations in genotyping techniques available in clinical practice may hinder the investigation of MRSA outbreaks in healthcare settings. 8 Genotyping is an indispensable component of epidemic detection and investigation because it discriminates among genetically similar strains for the identification of epidemiologically important isolates. Pulsedfield gel electrophoresis (PFGE), spa typing, antibiograms, and multilocus sequence typing (MLST) are commonly employed to investigate MRSA transmission. However, these methods may not be optimal, as the unit of categorization (eg, PFGE type, spa type, MLST profile) can encompass broad genetic and epidemiological diversity, 6, 8 making it difficult to differentiate sporadic from epidemic cases, [9] [10] [11] [12] [13] [14] particularly when a prevalent strain type is commonly identified.
MRSA PFGE-typed USA300 is an important pathogen in community and healthcare settings. In the United States, these strains were historically associated with community-associated (CA) infections acquired outside of hospitals. However, in many healthcare facilities, including those in our study area, CA-MRSA strains are displacing healthcare-associated (HA) strains as a cause of HAIs. The increasing prevalence of USA300 emphasizes the need for advanced typing methods in clinical practice. Recently, phylogenetic analysis of wholegenome sequencing (WGS) data has provided the resolution to discriminate between closely related isolates of bacterial pathogens through comparison of single nucleotide polymorphisms (SNPs). 15, 16 As a result, epidemiologically important isolates may be identified among a sample that appears homogenous when analyzed using conventional genotyping methods. WGS technology is often not readily available to investigators of outbreaks in the healthcare setting. 15, [17] [18] [19] Epidemiological linkages between patients may then be spuriously attributed and transmission sources obscured, leading to ineffective interventions and uninterrupted transmission.
We sought to determine whether phylogenetic analysis of SNPs would facilitate identification of the source of MRSA transmission amid a putative NICU outbreak, compared to the initial investigation that utilized traditional genotyping. We considered multiple typing methods including maximum likelihood (ML) and Bayesian phylogenetic analysis of SNP data. Epidemiological and phylogenetic data were covisualized to illustrate the temporal and genetic relationships among cases, allowing for assessment of patient-to-patient transmission events. We demonstrate how this approach would have enhanced the investigation, ruling out several sporadic cases of MRSA and potentially augmenting infection control interventions.
materials and methods

Outbreak Investigation
The 43-bed, level 3 NICU in Hospital A provides medical care for premature and critically ill newborns, serving as a regional referral center for northeastern Florida and southern Georgia. In December 2010, surveillance of clinical specimens collected during routine clinical care identified a temporal cluster of 4 MRSA infections among NICU patients. The county health department was notified and a joint investigation was initiated together with the hospital infection control and prevention department. In January 2011, active MRSA surveillance was initiated through collection of nares swabs from neonates on admission and weekly thereafter. Prior to this period, active surveillance was not routinely implemented. Surveillance swabs were analyzed using the GeneXpert molecular diagnostic system Xpert MRSA assay (Cepheid, Sunnyvale, CA). Positive surveillance swabs were cultured on Columbia nalidixic acid agar (Becton Dickinson, Sparks, MD). Clinical samples were obtained from infants demonstrating signs of infection as part of routine clinical evaluation as determined by the clinical team. S. aureus isolates were identified using conventional biochemical methods and MRSA isolates were confirmed using cefoxitin disk diffusion. MRSA isolates were sent to the Florida Department of Health Bureau of Laboratories for PFGE typing. Health department and hospital investigators conducted a detailed investigation involving review of medical records for pertinent epidemiological data (eg, dates of admission and discharge, laboratory results, patient demographics, bed assignments, and procedures). While the investigation was underway, a number of infection control interventions were implemented. These included limited patient visitation, discontinuation of "kangaroo care" (the process by which an adult coddles the infant through skin-to-skin contact), patient cohorting, contact precautions, and enhanced environmental cleaning. A review of infection control practices was conducted, focusing on cleaning, disinfection of equipment, and medication delivery. From December 2010 to October 2011, 34 MRSA isolates were identified among unique patients. Of these, 17 (7 clinical and 10 surveillance) were identified as type USA300 using PFGE, including those collected from the 4 index cases. A total of 10 varying PFGE types were observed among the 17 additional isolates. Moreover, 11 of the isolates (73%) detected in the first 5 months of the investigation were typed as USA300. After an initial review of epidemiological and laboratory data, neonates with type USA300 identified using PFGE were suspected to be epidemiologically linked through recent transmission events ( Figure 1 ). Non-USA300 strains were investigated on a case-by-case basis and suspected to represent sporadic "background" cases. Despite the intensive epidemiological investigation, neither the origin of the epidemic strain nor the route of transmission could be identified.
Sample Collection and Epidemiologic Investigation
To determine whether phylogenetic analysis of SNP data could elucidate putative transmission events, the 17 USA300 isolates were further evaluated in our laboratory. The first positive isolate for each patient was selected for spa typing, WGS, and phylogenetic analysis. Dates of admission and discharge, positive MRSA laboratory results, and previously negative clinical and surveillance tests were used to reconstruct the epidemic timeline and assess overlapping lengths of stay (LOS). To illustrate how increasing levels of genetic resolution could be used to investigate transmission events, we created 3 epidemic curves: (1) Laboratory collection date of positive clinical and surveillance tests and PFGE analysis performed by the Florida Department of Health, (2) spa-typing results of PFGE-typed USA300 isolates, and (3) WGS and phylogenetic analysis.
WGS, Phylogenetic Analysis, and MLST+ Comparison
Sample preparation, genomic DNA (gDNA) isolation, and spa typing were performed as previously described. 14 Isolated gDNA were sequenced using Illumina HiSeq 2000. Filtered FASTQ files were mapped to MRSA reference genome FPR3757 and SNPs were called and filtered by quality and depth of coverage. SNP differences were compared between isolates. Neighbor joining (NJ) and maximum likelihood (ML) phylogenetic trees were inferred from SNP alignment.
We selected a cutoff of ≤30 SNP differences to indicate a putative transmission event because studies have suggested differences ranging from 23 to 40 are indicative of epidemiological linkages between individuals. 20,21 Furthermore, we previously identified a diversity of 138 SNP differences between unrelated spa-type t008 MRSA strains among healthcare facilities within our study area. 14 A molecular clock was calibrated to assess the evolutionary timescale of MRSA spread utilizing a Bayesian framework. The age for each tip of the Bayesian phylogeny was represented by the isolate sampling date. To explore the feasibility and reproducibility of available software packages with the potential for implementation in the clinical or public health laboratory setting, we analyzed WGS data using SeqSphere+ software v2.0 (Ridom, Muenster, Germany) to produce genome-wide allelic profiles (MLST+). This software is one example of a graphical user interface that provides an alternative to complex bioinformatic pipelines and advanced phylogenetic analysis. NJ phylogenies from the SNP-based and MLST+ phylogenetic analyses were compared to determine concordance. (For detailed methods see Supplementary Material.)
results
Study Population, Risk Factors, and Investigation
Identification of 4 positive clinical cultures within 10 days of admission (patients 1-4) alerted hospital infection control staff of a putative outbreak, and an investigation was initiated. Over the 10-month investigation, 17 patients with the suspected outbreak strain type USA300, were identified using PFGE. The 17 patients included 8 males (47%) and 9 females (53%). A timeline of the putative outbreak was obtained by reviewing admission dates, discharge dates, and report dates of relevant laboratory results ( Figure 1 ). Comparison of patient LOS showed 2 discrete periods of the outbreak separated by 37 days including patients 1-11 and 12-17, leading investigators to determine that transmission was persisting despite interventions. All 17 neonates were born in the hospital and were directly admitted to the NICU, reducing the likelihood of MRSA introduction from a referring hospital. A total of 7 clinical isolates (from patients 1-4, 8, 13, and 14) and 10 surveillance cultures (from patients 5-7, 9-12, and 15-17) were obtained from incident MRSA cases. A total of 6 infants had a MRSA-negative clinical culture, and 5 infants had a negative surveillance culture prior to a subsequent positive result (Figure 1 ). The median LOS was 19 days (range 1-33), and the median time to MRSA-positive culture result was 12 days figure 1. Detailed timeline for putative neonatal intensive care unit (NICU) outbreak. Lengths of stay are indicated in grey for the 17 pulse-field gel electrophoresis type USA300 isolates. Spa-types are indicated next to the patient number. Positive (red) and previously negative (green) surveillance (S) and clinical (C) isolates are illustrated. A 37-day gap between the 2 discrete outbreak periods is designated with a double vertical line shaded in gray.
(range 1-33) from the date of admission. Colonized patients and patients with clinical cultures did not differ significantly with respect to LOS (Mann-Whitney U = 23.5; P > .05) or days to positive result (Mann-Whitney U = 26; P > .05).
Molecular, Genomic, and Phylogenetic Results
The primary investigation focused on 17 patients with PFGEtyped USA300 isolates ( Supplementary Figure 1 ). Among these isolates, spa typing identified 5 isolates that were discordant from the expected t008 genotype (Figure 1 ). SNP differences between WGS ranged from 4 to 188 (mean, 143), and those of patients 1, 2, and 6 differed by ≤10 nucleotides, meeting our criteria for epidemiological linkage (Supplementary Table 2 ). Patients 13 and 14, who were siblings admitted on the same day, differed by only 4 nucleotides, suggesting vertical transmission through birthing or other common source; however, parents were not screened to confirm this association. The MRSA genome sequences of the 12 remaining patients differed by a minimum of 77 nucleotides. The time-scaled Bayesian maximum clade credibility phylogeny utilizes an estimated rate of molecular evolution (molecular clock) to identify divergence dates of common ancestors. In the context of our investigations, this method allowed the temporal assessment of transmission events. Isolates from patients 1, 2, and 6 were clustered within a monophyletic clade (Figure 2 and Supplementary Figure 2 ) and shared a recent common ancestor with those from patients 3, 9, 7, and 15. The remaining isolates clustered on a distinct clade, including the closely related sibling isolates from patients 13 and 14. The most recent common ancestor of all 17 MRSA isolates were dated just 7 weeks (95% HPD, 1-35) prior to the admission date of the earliest patient. When genomic data were considered in the context of the epidemic curve, several transmission events were ruled out ( Figure 3 ). Antibiotic susceptibility patterns demonstrated the ambiguity of comparing antibiograms (Supplementary Table 1 ). Antibiograms were consistent with CA-MRSA strains possessing resistance to oxacillin and erythromycin, with the exception of 2 isolates susceptible to erythromycin and 2 isolates intermediately resistant to levofloxacin. Phylogenetic analysis did not epidemiologically link these patients through a recent transmission event (Figure 2 and Supplementary  Figure 2 ). SeqSphere + typed all isolates as MLST ST8, consistent with PFGE-typed USA300 genotype. Comparison of SeqSphere + MLST + phylogenies to the genome-wide SNPbased analysis produced analogous results in regard to phylogeny topology. While branch lengths varied, the topology (ie, clustering of sequence pairs) differed by 3 variations (Figure 4) . Overall, topological differences between the phylogenies would not have affected the interpretation of the results in assessment of transmission events.
Putative Transmission Pathways
The integration of epidemiological and SNP data disproved several transmission events that were suspected during the initial investigation. Isolates from patients 1, 2, and 6 possessed nearly identical genomes and overlapping LOS, providing strong evidence of recent transmission and epidemiological linkage ( Figure 4B ). Collection dates of isolates from patients 1 and 2 were separated by just 2 days. Phylogenetic analysis suggested that the colonization in patient 6 resulted from a common exposure, as they shared a common genetic ancestor basal to patients 1 and 2. However, although patient 6 was known to have a negative blood culture on admission, a surveillance swab was not collected; therefore, it is unknown whether the patient was colonized. Twin patients 13 and 14 may have acquired the strain through vertical transmission or from a common parent, visitor, or HCW; however, transmission via a common source within the NICU cannot be ruled out. The remainder of the patients were not linked by recent transmission events. Among 17 isolates assessed by phylogenetic analysis, 12 (70.5%) represented genetically unique isolates, whereas 5 patients were grouped into 2 clusters (Figure 2 and 4) . Notably, spa typing spuriously indicated a transmission event between patients 7 and 8, which was disproven by phylogenetic analysis. discussion MRSA type USA300 identified using PFGE, the prevalent cause of CA-MRSA infections, was responsible for 31.6% of healthcare-associated invasive MRSA infections in 2011. 9, 22, 23 Models have proposed the replacement of HA-MRSA by CA-MRSA strains in the healthcare setting, and recent epidemiological studies have documented this occurrence. 24, 25 With the increasing prevalence of USA300, advanced molecular typing methods are necessary for surveillance, outbreak detection, and epidemic investigation. These activities rely on the ability to discriminate between genetically related and unrelated isolates, identifying putative transmission events that may then be investigated further. As we have demonstrated, conventional typing methods (eg, MLST, PFGE, and spa typing) used to investigate putative outbreaks of S. aureus provide a macro level discriminatory resolution and are unable to resolve the epidemiological relationships among genetically similar isolates. [26] [27] [28] [29] [30] More generally, when the spa-type or PFGE pattern of the putative outbreak strain has a high prevalence within a setting (eg, hospital, healthcare system, or community), it becomes increasingly difficult for investigators to interpret molecular typing results, to rule out transmission events, and to identify epidemiologically linked patients. At the onset of the NICU investigation, a cluster of MRSA infections alerted hospital infection control staff to a suspected outbreak. The subsequent implementation of active surveillance identified several neonates colonized with prevalent CA-MRSA strains, further obscuring the relationship between epidemic and sporadic (ie, background or endemic) cases. In the absence of a clear mode of transmission, nonspecific interventions were employed, yet new cases continued to emerge. 1, 31 Outbreak investigation and response rely heavily on laboratory data to inform case investigation and to determine appropriate interventions. Because certain infection control interventions such as contact precautions and isolation may decrease staff interaction with patients to provide the necessary care, targeted inventions are required to stop transmission while mitigating unwanted outcomes. 6, 32, 33 Two possible MRSA transmission scenarios may have emerged from the real-time, prospective utilization of WGS and phylogenetic analysis during the investigation. Each scenario would have then dictated distinct infection control interventions. First, close phylogenetic relationship among most or all isolates would have indicated recent transmission events, focusing the investigation on transmission pathways within the NICU. This finding may have warranted review of HCW patient assignments, medical procedures, devices, medication administration, and bassinet locations. 1 General interventions may have also involved screening of HCWs, enhanced environmental cleaning, and hand hygiene compliance surveillance. Identification of colonized neonates through active surveillance or universal decolonization, as has been recently proposed, may have also been implemented. 6 Secondly, and consistent with our findings, distant phylogenic relationships among isolates ruled out recent transmission events for a majority of cases. This finding indicated multiple introductions of diverse MRSA strains into the NICU, focusing interventions on colonization prevalence among parents, visitors, and newly admitted patients. Interventions may then have involved parent/caregiver screening and decolonization and a review of infection control protocols for patient visitation and patient-parent interaction (eg, kangaroo care). 1, 34 Ultimately, the increased cost, diminished effectiveness, and potential adverse outcomes of nontargeted interventions may have been averted using phylogenetic analysis results to guide the investigation.
Phylogenetic analysis is continually improving our knowledge of MRSA epidemiology in the NICU. [35] [36] [37] Utilizing WGS data, Harris et al 37 successfully tracked MRSA between the community and hospital, documenting transmission between infants and parents in the postnatal ward and eventually identifying a colonized HCW as the source. 37 Both Koser et al 35 and Nubel et al 36 identified several epidemiological linkages among neonates based on WGS data. In contrast, we found that a large proportion of the cases were unrelated. Our findings are more consistent with those of Price et al, 20 who demonstrated that only 18.9% of S. aureus transmission events in the ICU were linked to other colonized patients, concluding that patient-to-patient transmission was rare in that setting. The diversity of isolates in our study may reflect a larger epidemic within the hospital or community, which would require more extensive sampling of environmental fomites, HCWs, parents in the peri-and postnatal periods, and visitors. Prospective studies should incorporate such sampling strategies to identify potential reservoirs serving as sources of MRSA introduction into the NICU. As with similar studies, MRSA surveillance in the NICU may not capture the true prevalence of colonization because neonates may be discharged before surveillance cultures are collected. Additionally, some patients may become colonized or develop infection after discharge and would be missed in the absence of follow-up or hospital readmission. As a result, some transmission events between patients may have been missed.
In conclusion, phylogenetic analysis is rapidly emerging as the next stage in the evolution in molecular (now termed genomic) epidemiology. 15 The application of WGS additionally extends to the determination of genotypic antibiotic resistance and virulence. 38, 39 WGS may provide improved turnaround time for diagnostic purposes with the added benefit of enhanced surveillance, outbreak detection, and investigation. With the availability of benchtop sequencers (eg, Illumina's MiSeq), real-time analysis delivering actionable results is increasingly feasible. 16, 19 These technologies are further facilitated by the development of streamline software packages, such as Ridom's SeqSphere, that reduce computational demands and simplify analysis. While this technology may not be readily available in all clinical laboratories, the transition will likely follow that of previous technology such as automated PCR (eg, GeneXpert). Meanwhile, public health reference laboratories in the Centers for Disease Control and Prevention's laboratory response network already provide the infrastructure for widespread implementation of WGS. Last, as with all laboratory methods, WGS alone cannot replace the need for surveillance and epidemiological investigation. 40 WGS should be employed in concert with traditional epidemic investigation techniques.
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